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Abstract
Caffeine is known to stimulate gastric acid secretion, but, the effects of caffeine on gastric mucus secretion have not been
clarified. To elucidate the action of caffeine on gastric mucin-producing cells and its underlying mechanism, the effects of
w 2qxcaffeine on mucus glycoprotein secretion and agonist-induced Ca mobilization were examined in human gastric mucini
 . w 2qxsecreting cells JR-I cells . The measurement of Ca using Indo-1 and the whole cell voltage clamp technique werei
w3 xapplied. Mucus glycoprotein secretion was assessed by release of H glucosamine. Caffeine by itself failed to increase
w 2qx   . .Ca and affect membrane currents, while it dose-dependently inhibited agonist acetylcholine ACh or histamine -in-i
w 2 x 2q q  .duced Ca q rise, resulting in inhibiting activation of Ca -dependent K current I evoked by agonists. The effecti K.Ca
of caffeine was reversible, and the half maximal inhibitory concentration was about 0.5 mM. But, caffeine did not suppress
w 2qx  .Ca rise and activation of I induced by A23187 or inositol trisphosphate IP . Theophylline or 3-isobutyl-1-i K.Ca 3
 .methyl-xanthine IBMX did not mimic the effect of caffeine. Caffeine failed to stimulate mucus secretion, while it
significantly decreased ACh-induced mucus secretion. These results indicate that caffeine selectively inhibits agonist-media-
w 2qxted Ca rise in human gastric epithelial cells, probably through the blockade of receptor-IP signaling pathway, whichi 3
may affect the mucin secretion. q 1997 Elsevier Science B.V. All rights reserved.
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1. Introduction
Coffee and tea contain 2–3 mM caffeine, and the
average daily consumption of caffeine in the United
States is 200 to 300 mg, with more than 10% of the
w xpopulation ingesting more than 500 mgrday 1 .
w xSince caffeine stimulates gastric acid secretion 2–11 ,
regular coffee should not be used by patients with
peptic-ulcer disease or symptomatic gastroesophageal
w xreflex 12,13 . The mechanism of caffeine-induced
) Corresponding author. Fax: q81 3 38140021.
acid secretion is thought to be due to the cyclic
AMP-dependent phosphodiesterase inhibitor, fol-
lowed by the increase of intracellular cyclic AMP
w x14,16 . On the other hand, the effects of caffeine on
mucus secretion and the basic mechanisms have not
been clarified yet in gastric epithelial cells. Caffeine
has been reported to have several effects. Caffeine
releases Ca2q from the sarcoplasmic reticulum in a
variety of cells including non-excitable exocrine cells
w x17,18 . In rat chromaffin cells and Xenopus oocytes
w x19–21 , caffeine inhibits the effects of direct applica-
 .tion of inositol 1,4,5-triphosphate IP , and in acinar3
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w x 2qcells 22,23 , it inhibits Ca signals evoked by
acetylcholine or cholecystokinin.
An epithelial cell line derived from signet ring cell
 . w xcarcinoma of the stomach JR1-cells 24,25 secretes
mucin and can be used as a useful model to gain
insight into the subcellular mechanisms of caffeine
action in the human gastric epithelium. Agonist-de-
pendent mucin secretion in gastric epithelial cells is
w 2qx w xmediated by an increase of intracellular Ca 26 .i
Therefore, to elucidate the effects of caffeine on
gastric mucin-secreting epithelial cells, the effects of
caffeine on mucus secretion and agonist-induced
w 2qxCa mobilization were examined in JR-1 cells.i
w 2qxThe measurement of glycoprotein secretion, Ca i
using Indo-1 fluorescence and the whole cell voltage
clamp technique were applied. Here, we clarified that
caffeine affects the agonist-dependent Ca2q mobiliza-
tion and inhibits the agonist-induced mucin secretion
in human gastric mucin secreting cells.
2. Materials and methods
2.1. Preparations
JR-1 cells, derived from human gastric signet ring
w xcell carcinoma, were used 24,25 . This cell line was
originally developed from a scirrhous gastric cancer
in a 37-yr-old female. The primary culture of this cell
line was obtained from the cerebrospinal fluid of the
patient who had brain metastasis. The cells were
suspended in the medium described below and incu-
bated on the plastic plate Celldesk, S.B. Medical
.Co., Tokyo, Japan in a 24-well tissue culture dish
Multiwell, Becton Dickinson Labware, Lincoln Park,
. 6NJ at a density of 10 cellsrml. The composition of
the medium used for this culture was MEM Gibco,
.Grand Island, NY , supplemented with 15 mM sodium
bicarbonate, 15 mM Hepes buffer, 100 Urml peni-
cillin, 100 mgrml streptomycin, 100 mgrml gen-
tamycin and 10% fetal bovine serum. Passages from
30 to 50 were used in the present experiments.
2.2. Solutions and drugs
The control Tyrode bathing solution contained in
.mM : 136.5 NaCl, 0.33 NaH PO , 5.4 KCl, 1.82 4
CaCl , 0.53 MgCl , 5.5 D-glucose and 5 Hepes-2 2
 . 2qNaOH buffer pH 7.4 . In the Ca -free bathing
 .solution, CaCl was omitted and EGTA 0.5 mM2
was added to the control bathing solution. In the
whole-cell experiments, pipettes were filled with the
 .internal solution containing in mM : 140 KCl, 2
MgCl , 0.15 EGTA, 3 Na ATP, 0.1 NaGTP, 52 2
 .Hepes-KOH buffer pH 7.3 . In some experiments,
the concentration of EGTA in the pipette solution
was increased from 0.15 to 10 mM to chelate intra-
2q  .cellular Ca . Inositol 1,4,5-trisphosphate IP ,3
 .acetylcholine ACh , histamine, theophylline, indo-
methacin, adenosine 3X:5X-cyclic monophosphate
 .  .cyclic AMP , 3-isobutyl-1-methyl-xanthine IBMX
and caffeine were purchased from Sigma Chemical
 .Co. St. Louis, MO . All experiments were performed
at 35–378C.
2.3. Electrophysiological measurements and data
analysis
The GV-seal patch clamp technique was used in
w xthe whole cell configuration 27,28 . A heat-polished
patch pipette, filled with an artificial internal solu-
tion, had a tip resistance of 5–7 MV . In the experi-
ments in which IP was applied into the cells through3
the pipettes, the tip of the patch pipettes ;1 mm
.diameter was filled with the control internal solution
and the rest of the pipettes was filled with the
IP -containing solution. Membrane currents were3
measured through a patch clamp amplifier EPC-7,
.List Electronics, Darmstadt, Germany and monitored
with a high-gain storage oscilloscope COS5020-ST,
.Kikusui Electronic, Tokyo, Japan . The data were
stored in a video cassette recorder using the PCM
converter system RP-880, NF electronic circuit de-
.sign, Tokyo, Japan , reproduced and low-pass filtered
 .at 1 kHz at y3 dB by a filter with Bessel character-
 .istics 48 dBroctave slope attenuation for analysis
and illustration. The data were expressed as mean"
SD. Student’s test was used for statistical analysis
and statistical significance was set at P-0.05.
2.4. Measurement of intracellular Ca2q concentra-
tion by microspectrofluorometry
The fluorescent Ca2q probe, indo-1-acetoxymethyl
 .ester indo-1rAM , was used to measure the cytoso-
2q w xlic Ca concentration 29,30 . JR-1 cells were cul-
tured on glass coverslips with culture media de-
scribed above. They were exposed to indo-1rAM 10
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.mM in 1% dimethylsulfoxide for 15 min and washed
with indo-1rAM-free physiological solution for 30
min at 378C. For measurement of the indo-1 fluores-
cence, the cells were placed in a physiological solu-
 .tion containing in mM : 137 NaCl, 3.7 KCl, 1.8
CaCl , 0.5 MgCl , 5.6 glucose, 4 Hepes-NaOH pH2 2
. 2q w 2qx .7.35 . Cytosolic Ca concentration Ca wasi
w xmeasured as described by Peeters et al. 30 . A
high-pressure Hg-arc lamp was used for the excita-
tion source since it provided an intense emission peak
at 360 nm. Further selection of this peak was made
by narrow bandwidth interference filters. The fluores-
cent light was collected by the Fluor =40 objective
 .lens Nikon, Tokyo, Japan and divided with a beam
splitter to measure simultaneously the fluorescence at
two wavelengths, 410 and 480 nm, using two sepa-
w 2qxrate photomultiplier tubes. Ca was calculatedi
from the 410r480 nm fluorescence ratio Rs
. w 2qx  . F410rF480 as Ca sK b RyR r R yi d min max
.R , where K s the dissociation constant of indo-d
 . 1rAM 250 nM , bsF 480rF 480, R fluo-max min max
w 2q x .rescence ratio at m axim um Ca si
F 410rF 480 and R fluorescence ratio atmax min min
w 2qx .minimum Ca s F 410rF 480. To obtaini min min
R , JR-1 cells were loaded with indo-1rAM,min
washed and exposed to 140 mM KCl, 4 mM Hepes
2q  .and 50 mM digitonin in ‘0’ Ca 0.1 mM EGTA
for 2 min at 378C. After addition of enough Ca2q to
w 2qxincrease Ca to 0.1 mM, R was obtained.0 max
2.5. Measurement of mucus secretion
Mucus glycoprotein secretion was assessed and
w xquantified as described previously 31 . Briefly, the
cultured cells at the confluent state were incubated
for 16 h at 378C in culture medium containing
w3 x  .H glucosamine hydrochloride 1 mCirml medium .
The prelabeled cells were then rinsed three times
 .with Earle’s balanced salt solution EBSS and rein-
cubated in EBSS in the presence or absence of test
agents for 1 h. After incubation, the buffer was
removed and the cells were rinsed with 1 ml EBSS.
The combined buffer and rinsing fluid from each well
were combined with 0.5 ml 50% trichloroacetic acid
 .  .TCA and 5% phosphotungstic acid PTA and
 .placed on ice. Bovine serum albumin 25 mM was
added to each centrifuge tube to enhance precipita-
tion of secreted proteins. After standing at 48C for 12
h, the precipitated proteins were collected by cen-
 .trifugation 10 000=g for 30 min , washed three
times in 10% TCA-1% PTA, and dissolved in 1.0 ml
of 1 N NaOH. Aliquots of the NaOH-solubilized
secreted proteins were neutralized with 1 N HCl and
counted in a scintillation counter. Results of each
well were expressed as cpm per well.
3. Results
3.1. Effects of caffeine on agonist-induced Ca2q
(mobilization in gastric mucin secreting cells JR-1
)cells
 .Fig. 1A a,b and Fig. 2A show the effects of
2q w 2qxcaffeine on intracellular Ca concentration Ca i
in JR-I cells using the fluorescence Ca2q indicator,
w xindo-1rAM. As previously reported 25 , the resting
w 2qxCa of these cells was estimated at 120"10 nMi
 .  .ns5 . Caffeine 10 mM by itself failed to increase
w 2qx  .Ca in these cells significantly Fig. 1Aa , but thei
 .application of ACh 1 mM markedly increased
w 2qxCa . The application of ACh resulted in a rapidi
w 2qx  .increase of Ca to 450"20 nM ns4 . After thei
w 2qxinitial increase, Ca gradually decreased to ai
w 2qxsteady-level, and this steady elevation of Ca wasi
maintained during the continuous application of ACh
 . 2q1 mM in the presence of external Ca . The ACh-
w 2qxinduced increase in Ca was blocked by atropinei
 .not shown . In contrast to the lack of the effect of
w 2qx  .caffeine on Ca , caffeine 10 mM completelyi
w 2qx inhibited the ACh-induced increase in Ca Fig.i
. w 2qx1A,b . After the washout of caffeine, Ca rapidlyi
increased. Fig. 2A shows that if caffeine was first
applied then ACh did not evoke any changes in
w 2qx 2qCa in the absence of external Ca . When caf-i
w 2qxfeine was subsequently removed, a rise of Ca i
 .was observed during the application of ACh 1 mM .
w xAs previously reported 25 , both ACh and histamine
w 2qxincreased Ca in JR-1 cells, mediated by differenti
 .membrane receptors muscarinic and H1-receptor . In
 .  .the presence of caffeine 10 mM , ACh 1 mM or
 .  .histamine 1 mM not shown failed to increase
w 2qxCa at all. These results indicate that caffeinei
antagonized the ACh- and histamine-induced intra-
cellular Ca2q rise in JR-1 cells.
 .Fig. 1B a,b and Fig. 2B show the effects of
caffeine on membrane currents in JR-1 cells. The
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2q w 2qx 2qFig. 1. A. Effects of caffeine on intracellular Ca Ca and ACh-induced Ca mobilization in human gastric mucin secreting celli
lines. Intracellular Ca2q concentration was estimated by the ratio of the fluorescence at 410- and 480-nm wavelength measured with the
fluorescent Ca2q indicator indo-1rAM. The protocols are indicated by the bars below each trace. B. Effects of caffeine on ACh-induced
Ca2q-dependent Kq currents in JR-1 cells. The cells were held at q0 mV and the holding current was continuously monitored. Note that
 .  .  .caffeine 10 mM by itself failed to affect the membrane currents a , while caffeine 10 mM completely abolished the ACh-induced
 .current b . The zero current level is indicated as triangles.
cells were held at q0 mV, and the holding currents
 .were continuously recorded. Caffeine 10 mM by
itself did not affect the holding current significantly.
 .However, ACh 1 mM increased the holding current
 .in the outward direction Fig. 1Ba . The ACh-in-
duced current was blocked by tetraethylammonium 5
.  . qmM or charybdotoxin 100 mM , a K channel
 .blocker, and also abolished by EGTA 10 mM in the
patch pipettes, suggesting that it was a Ca2q-activated
q  . w xK current I as previously shown 25 . CaffeineK.Ca
 .10 mM completely abolished the activation of IK.Ca
 .Fig. 1Bb , which was compatible with the notion
w 2qxthat caffeine inhibited the rise of Ca evoked by1
 .ACh Fig. 1Ab . The inhibitory effect of caffeine was
fully reversible. Under the application of caffeine 10
. 2q  .mM in the absence of external Ca , ACh 1 mM
 .did not affect the holding current Fig. 2B . When
caffeine was subsequently removed, ACh increased
the holding current in the outward direction Fig.
.2B .
Fig. 3 illustrates the dose-dependent inhibition of
 .caffeine on the ACh 1 mM -induced I in JR-1K.Ca
 .cells. The cell was held at q0 mV. ACh 1 mM
activated I , and the additional application of caf-K.Ca
 .feine 0.1–3 mM dose-dependently inhibited the
ACh-induced I . Caffeine at doses more than 1K.ca
 .mM completely abolished the ACh 1 mM -induced
current. Fig. 3B shows the dose-response relationship
of caffeine on the ACh-induced current. The in-
hibitory effect of caffeine was observed at doses of
0.1 mM and the half maximal inhibitory dose of
caffeine was approximately 0.5 mM. Caffeine 1
.mM almost completely abolished the ACh-induced
I .K.Ca
3.2. Effects of caffeine on Ca2q - or IP -induced3
current
The above results indicate that caffeine inhibits
agonist-induced Ca2q mobilization in JR-1 cells. To
clarify the site of this caffeine action, the effects of
2q  .caffeine on Ca - or inositol trisphosphate IP -in-3
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2q w 2q xFig. 2. A. Effects of caffeine on intracellular Ca Ca andi
ACh-induced Ca2q mobilization in the absence of external Ca2q.
The Ca2q-free Tyrode solution was perfused just before the
application of drugs. The protocols are indicated by the bars
above the trace. B. Effects of caffeine on ACh-induced Ca2q-de-
pendent Kq currents. The cell was held at q0 mV and the
holding current was continuously monitored. The bath solution
was changed into the Ca2q-free Tyrode solution.
duced current were investigated as shown in Fig. 4.
The cells were held at q0 mV, and the holding
currents were continuously monitored. Caffeine 10
.mM completely inhibited the ACh-induced current,
2q  .but when a Ca -ionophore, A23187 1 mM , was
added to the bathing solution, I was again acti-K.Ca
vated even in spite of the continuous application of
 .  .  .caffeine 10 mM Fig. 4A . Also, caffeine 10 mM
failed to inhibit the A23187-induced current Fig.
. 2q4B . When extracellular Ca was omitted, the in-
 .creased current returned to a control level Fig. 4B ,
w 2qxsuggesting that A23187 increases Ca by increas-i
ing Ca2q influx.
In JR-1 cells, both ACh and histamine activated
I , mediated by the membrane receptor — IPK.Ca 3
w xcascade 25 . Fig. 4C indicates the effects of IP3
through the patch pipettes on the membrane currents.
 .IP3 100 mM activated I , resulting in the in-K.Ca
crease of the holding current into the outward direc-
tion. In contrast to the inhibitory effect of caffeine on
 .the ACh-induced current, caffeine 10 mM failed to
inhibit the IP -evoked I . These findings suggest3 K.Ca
that the sites of the caffeine action on the agonist-
mediated Ca2q rise are probably located on the site
proximal to IP3 production in human gastric mucin
secreting cells.
It has been well known that caffeine stimulates
w xgastric acid secretion 2–11 , due to the cyclic AMP-
dependent phosphodiesterase inhibitor, followed by
w xthe increase of intracellular cyclic AMP 14–16 . To
elucidate the basic mechanism of the inhibitory ac-
tion of caffeine in JR-1 cells, the effect of theo-
phylline, a potent phosphodiesterase inhibitor 10
. w xmM 14 , was investigated as indicated in Fig. 4D.
Fig. 3. Dose-dependent inhibition of caffeine on the ACh-induced
current in JR-I cells. A. Concentration-dependent inhibition of
 .caffeine on the ACh 1 mM -induced current. The cell was held
at q0 mV and the holding current was continuously monitored.
The drug protocols are indicated below the trace. The zero
current level is indicated by triangles. B. The dose-response
 .relationships of caffeine on the ACh 1 mM -induced current.
The data were obtained from four different cells. The mean"SD
value is shown.
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Fig. 4. A and B. Effects of caffeine on A23187-induced current
in JR-1 cells. The cells were held at q0 mV and the holding
current was continuously recorded. The zero current level is
indicated as triangles. C. Effects of caffeine on IP -induced3
current. The patch pipette contained 100 mM IP . Immediately3
after the rupture of the membrane, the holding current increased
into the outward direction when IP was inserted into the cell3
through the patch pipette. D. Effects of theophylline on the
ACh-induced current in JR-1 cells. Note that theophylline 10
.mM , a potent phosphodiesterase inhibitor, failed to inhibit the
 .ACh-induced current significantly, but caffeine 10 mM com-
pletely abolished it. E. Effects of cyclic AMP on the ACh-in-
duced current. The patch pipette contained cyclic AMP 100
.mM . Note that in spite of cyclic AMP in the patch pipette,
caffeine completely inhibited the ACh-induced current.
 .Fig. 5. Effects of caffeine and acetylcholine ACh on mucus
 .secretion in human gastric mucin secreting cell lines JR-1 cells .
w3 xThe cells were preincubated for 16 h with H glucosamine
hydrochloride to label cellular giycoprotein, washed, and incu-
 .  .bated with or without ACh 1 mM , caffeine 10 mM , and ACh
 .  .1 mM plus caffeine 10 mM . Values are means"SD for 4
determinations.
 .Theophylline 10 mM could not suppress the ACh-
induced current significantly. The similar results were
 .obtained in all cells tested ns4 . In addition, 3-iso-
 .butyl-1-methyl-xanthine 1 mM, ns3 , a potent
phosphodiesterase inhibitor, or cyclic AMP Fig. 4E,
.100 mM, ns3 in the patch pipette could not inhibit
the ACh-induced current. These results suggest that
the inhibition of phosphodiesterase activity is not
mainly involved in the caffeine-action in JR-1 cells.
3.3. Effects of caffeine on mucus glycoprotein secre-
tion
 .Fig. 5 shows the effects of acetylcholine ACh
and caffeine on glycoprotein secretion in JR-1 cells.
 .In JR-1 cells, ACh 1 mM stimulated gIycoprotein
secretion from 13 200"1140 in control to 16 500"
450 cpmrwell as shown in Fig. 5. ACh-induced
glycoprotein secretion from 16 700"750 cpmrwell
in control was not inhibited by the addition of indo-
 .  .methacin 50 mM 16 450"600 cpmrwell, ns3 .
 .Caffeine 10 mM by itself did not increase glyco-
protein secretion, while the stimulatory effect of ACh
 .  .1 mM was strongly inhibited by caffeine 10 mM
 .Fig. 5 .
4. Discussion
The major findings of the present study are as
 .follows. 1 Caffeine selectively inhibited agonist-in-
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duced Ca2q mobilization in gastric mucin secreting
 .  .cell lines JR-1 cells . 2 The half maximal in-
hibitory dose was approximately 0.5 mM, and 1 mM
caffeine completely abolished the ACh-induced cur-
 .rent. 3 The inhibition of IP3 production may be
 .involved in the caffeine action in JR-1 cells. 4
Caffeine inhibited ACh-induced glycoprotein secre-
tion in JR-1 cells.
4.1. Caffeine inhibits agonist-induced Ca2q mobi-
lization in JR-1 cells
 . w xIn a gastric mucin secreting cell JR-1 cell 24,25 ,
w 2qxACh increased Ca by breakdown of inositoli
phospholipids as indicated in Fig. 1A. An initial peak
w 2qxof Ca was followed by a sustained elevation ini
w 2qx 2qCa in the presence of external Ca . The firsti
w 2qx 2qrise of Ca was due to IP -induced Ca releasei 3
from the intracellular storage sites, while the sus-
w 2qx 2qtained rise of Ca was due to Ca -entry from thei
outside. In the presence of caffeine, ACh failed to
w 2qxincrease Ca at all, indicating that caffeine in-i
hibits the ACh-evoked release of Ca2q from the
storage sites. In addition, since caffeine inhibited the
w 2qxsustained Ca response induced by ACh as indi-i
cated in Fig. 1, which was dependent on external
2q w xCa 25 , caffeine also appears to inhibit the ACh-
induced Ca2q influx. Caffeine could also inhibit his-
tamine-induced Ca2q mobilization, indicating that the
inhibitory effect of caffeine was not due to the inter-
action with the muscarinic receptor. Alternatively,
several possible mechanisms underlying the caffeine
 .action may be proposed. 1 Caffeine inhibits the
 .production of IP elicited by agonists. 2 It can3
inhibit the ability of IP to release Ca2q andror to3
the amplification of the signal by Ca2q-induced Ca2q
release. It has been reported that in rat chromaffin
cells and Xenopus oocytes, caffeine inhibits the ef-
w xfects of direct application of IP 19–21 . However,3
caffeine failed to affect the IP -evoked Ca2q-activated3
Kq current, which suggests that the contribution of
the latter mechanism may be relatively small in JR-1
cells. These data suggest that caffeine may cause the
blockade of receptor-IP signalling pathway, then3
followed by inhibiting IP production. The inhibitory3
effect of caffeine on the ACh-induced Ca2q mobiliza-
tion was somewhat similar to that described in pan-
w x w xcreatic acinar cells 32 . Toescu et al. 32 had re-
ported that caffeine inhibits IP production in pancre-3
atic acinar cells. Thus, the similar mechanism may be
involved in the caffeine action in JR-1 cells. Further-
more, caffeine did not inhibit A23187-induced Ca2q
mobilization, suggesting that caffeine specifically in-
hibits the agonist-evoked Ca2q mobilization.
In mag-fura-2-loaded gastric epithelial cells iso-
 .lated from rabbit, caffeine 10 mM has been reported
w 2qxto decrease resting Ca slightly, probably due toi
the promotion of Ca sequestration into the store sites
w x  .33 . However, caffeine 10 mM did not decrease
w 2qxCa in the present study using JR-1 cells signifi-i
w xcantly. Since in their paper 33 , no response to
caffeine was observed in mag-fura-2-loaded BHK
 .cells a fibroblastic cell line , the reason of the differ-
ent result may depend on different cell types rabbit
gastric epithelial cell vs human gastric mucin-secret-
.ing cell .
Caffeine is known well to stimulate gastric acid
w xsecretion 2–11 , primarily by inhibiting cyclic
w xAMP-dependent phosphodiesterase activity 14–16 .
However, since theophylline, which is a more potent
w xphosphodiesterase inhibitor than caffeine 14 , or 3-
 .isobutyl-1-methyl-xanthine IBMX could not inhibit
the ACh-induced Ca2q mobilization significantly, this
inhibitory mechanism may not be involved in the
caffeine action in JR-1 cells. The inhibitory effect of
caffeine on the agonist-induced Ca2q mobilization
was observed at concentrations more than 0.1 mM,
and the half maximal inhibitory concentration was
 .about 0.5 mM. Caffeine 1 mM completely abol-
ished the ACh-induced current. The dose-response
relationships were different from the previous papers
w xshowing those for the phosphodiesterase activity 34 .
The half maximal concentration of caffeine to inhibit
w xthe phosphodiesterase activity was about 3 mM 34 .
Also, intracellular application of cyclic AMP through
the patch pipette could not inhibit ACh-induced cur-
rent. These findings suggest that the inhibitory action
of caffeine in JR-1 cells is not due to the inhibition of
phosphodiesterase activity.
4.2. Effect of caffeine on mucus secretion in human
gastric mucin secreting cells
The present results clarified that caffeine by itself
did not affect mucus gIycoprotein secretion signifi-
cantly, while it inhibited the ACh-induced mucus
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secretion in human gastric mucin secreting cells JR-1
. w xcells . In rabbit mucosal explants 26 , ACh and
PGE stimulate gastric glycoprotein secretion in con-2
centrations that are well within their physiological
range, which play a role in the physiological regula-
tion of mucus secretion. Our result also showed that
ACh increased mucus glycoprotein secretion in JR-1
cells. Indomethacin, a cyclo-oxygenase inhibitor, did
not affect the ACh-induced mucus glycoprotein se-
cretion, suggesting that the involvement of PGE is2
unlikely. The mucus stimulation by ACh is critically
dependent on the presence of Ca2q, either intra- or
w xextracellularly 26 , proposing that it is mediated via
release of intracellular Ca2q and possibly also by
influx of extracellular Ca2q. Since caffeine sup-
pressed the ACh-induced Ca2q mobilization in JR-1
cells, caffeine may inhibit the mucus glycoprotein
secretion possibly by the similar mechanisms.
PGE and forskolin stimulate explant gIycoprotein2
secretion via an increase of intracellular cyclic AMP
w xin rabbit gastric mucosal explants 26 . Caffeine is
known to inhibit cyclic AMP-dependent phosphodi-
w xesterase activity 14–16 , then followed by an in-
crease of intracellular cyclic AMP level. However,
 .caffeine 10 mM did not affect the mucus glyco-
protein secretion in human gastric epithelial cells.
The lack of the effect of caffeine on mucus secretion
may be due to the inadequate increase of intracellular
cyclic AMP or to the different cell types. Actually,
colonic mucus secretion is not stimulated by PGE or2
w xcyclic AMP analogue 35,36 .
4.3. Clinical implication of caffeine action in human
gastric mucin secreting cells
Coffee and tea contain 2–3 mM caffeine. The
present result provides an evidence that caffeine in-
hibits the agonist-evoked Ca2q mobilization with the
half maximal inhibitory concentration of about 0.5
mM and inhibits the ACh-induced mucus glyco-
protein secretion in human gastric epithelial cells.
Thus, these results suggest that caffeine contained in
coffee and tea sufficiently affects the agonist-induced
Ca2q mobilization such as ACh, and then mucus
secretion in gastric epithelial cells. The inhibitory
effect of caffeine on mucus secretion may be one of
the important factor of the gastric injury by caffeine
in addition to the stimulating effect of acid secretion,
and the caffeine action has to be considered in pa-
tients with gastric disorders, such as peptic-ulcer
disease.
In conclusion, caffeine inhibited the agonist-medi-
w 2qxated Ca rise evoked by agonists in JR-1 cells, ai
mucin producing gastric epithelial cell line and the
site of the caffeine action was probably located on
that proximal to IP3 production. Thus, the caffeine-
w 2qxinduced inhibition of Ca rise evoked by agonistsi
may result in a decrease of mucus secretion and may
be one of the important factors of gastric mucosal
injury by caffeine.
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